Introduction
The chemical compounds that inhibit the corrosion reaction of metals through their environmental presence, namely as corrosion inhibitors, are classified into passivation type, precipitation type and adsorption type according to the respective action mechanism. 1, 2) The adsorption-type inhibitors provide corrosion resistance to metals because they are physically or chemically adsorbed to form layers on the metal surface. In general, this type of inhibitor involves organic compounds with highly electronegative elements such as N, O, P, and S in their polarity groups. Thiols including SH groups are known to adsorb to metals with which they have a strong affinity 3) to form a mercaptide compound (R-S-M) by reacting with the metal ions 4) :
←R-S-MϩnH ϩ
This reaction is reversible and its equilibrium is greatly displaced to the right. Thiols, especially long-chain alkanethiols, have an extremely strong affinity for Hg, Ag, Cu, Au, Pb, Cd, Zn, As and An. In the case of their adsorption in aqueous solution, which is a polarity solvent, a unique phenomenon occurs. Namely, when hydrophobic molecules such as alkanethiols are mixed with the aqueous solution, the surrounding aqua forms a different structure from that which is usually formed by hydrogen bonding. Consequently, the degree of freedom of aqua molecules diminishes and the free energy of the system increases. Hydrophobic molecules such as thiols associate by themselves in order to reduce the aqua contact area, thus producing the phenomenon (hydrophobic mutual interaction) that makes them push out to the interface. This results in adsorption.
5)
The thiol molecules form a monomolecular layer by means of their strong affinity to metal and their self-assembly ability due to the hydrophobic interaction. Thiol self-assembly super thin layers have recently attracted considerable attention for molecular-level surface design, e.g., alkanethiols with high orientation and stability as chemical sensors and molecule-based devices, triazinethiols with treatment facility and water solubility as functional thin layers possessing corrosion resistance or as lubricants for copper, etc. [8] [9] [10] Meanwhile, chromate coatings on zinc coated steel sheets are widely used as an economical method of preventing corrosion. In response to recent environmental regulations, such as the RoHS Directive, chromate-free coatings have been developed and applied to electrical appliances. Most of these coatings are organic-inorganic composite coatings containing organic resins and inorganic com- Thiol self-assembly super-thin films have attracted considerable attention for molecular-level surface design as in chemical sensors, molecule-based devices and corrosion resistant films. Meanwhile, chromate coatings on zinc coated steel sheets are widely used as an economical method of preventing corrosion. In response to recent environmental regulations, such as the RoHS Directive, chromate-free coatings have been developed and applied to electrical appliances. However, a thinner coating is required to obtain better electroconductivity, which influences the electromagnetic shielding performance of digital electrical appliances. In this study, we investigated the corrosion resistance and film structure of alkanethiol and triazinethiol self-assembly super thin layers on zinc coated steel sheets. The corrosion inhibition mechanism of the thiol layers was discussed in order to develop a new design concept for thinner chromate-free coatings with high corrosion resistance. The alkanethiol layers showed high water repellency and poor corrosion resistance, and the triazinethiol layers with three thiol groups per molecule showed relatively poor water repellency and excellent corrosion resistance despite the very small thickness (several monolayers), as a result of suppressed oxygen reduction reaction determined by electrochemical measurement. XPS analysis revealed that alkanethiol molecules adhered to the zinc and formed layers with no decomposition, and triazinethiol molecules adhered to the zinc and then partially decomposed and reorganized to form a new network structure.
pounds such as oxides for application to electrical appliances and OA. However, a thinner coating is required to obtain better electroconductivity, which influences the electromagnetic shielding performance of digital electrical appliances such as flat-screen TVs. Thus, it is important to investigate the corrosion resistance and the structure of thiol self-assembly super thin layers for developing a new design concept for thinner chromate-free coatings with high corrosion resistance. Numerous studies have examined the layer structure of thiols by analyzing spectra obtained by highly sensitive reflection infrared spectroscopy, [13] [14] [15] [16] electron beam diffraction, 15, 16) Auger electron spectroscopy 17) and electron energy loss spectroscopy (EELS). 17) For example, it is reported that long-chain alkanethiols form monomolecular layers and that the alkane chains tilt at an angle of 20-30°to the vertical direction of gold substrates. 13, 14) On the other hand, Mori et al. 10) used the spectroscopic approach to explain the structure and formation process of triazinethiol layers formed on copper and reported that these thiols were adsorbed on the metal surface to form monomolecular layers while retaining their triazine ring structure, and that layer growth and lamination occurred. However, there are no reports on the alkanethiol and triazinethiol layer structure on zinc substrates. In this study, we investigated the structure of thiol self-assembly super thin layers on zinc coated steel sheets by X-ray photoelectron spectroscopy (XPS), and discussed the corrosion inhibition mechanism of the thiol layers.
Experimental

Thiols
The thiols used in this study are the alkanethiols listed in Table 1 and the triazinethiols listed in Table 2 . The triazinethiol structural formula is shown in Fig. 1. 
Specimens
Electrogalvanized steel sheets (weight of zinc coating at one side: 20 g/m 2 ) were applied to the substrates. The specimens were prepared according to the following procedures.
Alkanethiols
Alkanethiol solution (5 mM) was prepared by dissolving alkanethiols in mixed solvent composed of ethanol and pure water at a ratio of 4 : 1. Specimens were prepared by dipping the substrate into the solution (25°C) for 30 min and allowing it to dry naturally after washing with ethanol.
Triazinethiols
Triazinethiol solution (0.5 wt%) was prepared by dissolving triazinethiols in pure water. Specimens were prepared by dipping the substrate into the solution (80°C) for 60 min and allowing it to dry naturally after washing with water.
Evaluation of Properties
The corrosion resistance of the specimens was evaluated according to the area of white rust after 24 h of a salt spray test (SST, JIS Z2371). The contact angle against the water was measured by the liquid-drop method for pure water to grasp the correlation between corrosion resistance and water repellency.
X-Ray Photoelectron Spectroscopy (XPS)
Measurement was carried out using an SSX-100 spectrometer (Surface Science Instruments). The X-ray source was monochromic Al Ka rays condensed to approx. 300 mm in diameter on the specimen. The energy resolution of the spectrometer was determined to be approx. 0.45 eV from the Ni Fermi level. The photoelectron detection angle was set at 0°and 65°from the vertical direction in order to nondestructively determine the depth profile.
The evaluated specimens included not only layers on electrogalvanized steel sheets but also triazinethiol layers on gold foils and triazinethiol powders. Pretreatment such as acetone washing was not carried out before measurement.
Electrochemical Measurement
Polarization curves were measured to evaluate the electrochemical properties of the specimens. Measurement was carried out under open atmosphere. Potential was swept in the anodic and cathodic direction at a constant speed of 0.3 mV/s after 5 min dipping in 5 wt% Na 2 SO 4 aqueous solution.
Results
Corrosion Resistance and Water Repellency
The corrosion resistance and contact angle of alkanethiol and triazinethiol specimens are shown in Fig. 2 . Alkanethiol specimens exhibited high contact angle and high water repellency on the zinc coated steel sheets. However, the entire surface of each specimen was covered with rust after 24 h SST indicating that these specimens did not have good corrosion resistance. On the other hand, the triazinethiol layers showed lower contact angle and water repellency compared to the alkanethiol layers. The entire surface of the mono-SH specimen was covered with rust and the surfaces of the tri-SH and di-SH specimens were almost free of rust. Especially, the tri-SH specimen did not generate rust even after 48 h SST, indicating high corrosion resistance.
Structural Analysis by XPS 3.2.1. Alkanethiol Layers
XPS wide-scan spectra of alkanethiol layers measured at a take-off angle of 0°are shown in Fig. 3 . Photoelectron peaks of C, S, Zn and O and Auger electron peaks are observed. The peak intensity ratios of Zn 2p 3/2 /C 1s, O 1s/C 1s and S 2p/C 1s, which were calculated from the spectra of Fig. 3 , are shown in Fig. 4(a) . As is evident from the figure, the peak intensity ratio of Zn 2p 3/2 /C 1s decreases with the increase in number of C atoms in the alkyl radical. This result indicates that the layer thickness increases with the number of C atoms in the alkanethiol molecule.
The XPS wide-scan spectra of the C 16 SH layer are shown in Fig. 5 . The take-off angle is 0°and 65°for nondestructive determination of the depth profile. The peak intensity ratios of Zn 2p 3/2 /C 1s, O 1s/C 1s and S 2p/C 1s of all alkanethiol layers, which were calculated from the spectra at a take-off angle of 65°, are shown in Fig. 4(b) . The peak intensity ratio of Zn 2p 3/2 /C 1s at a take-off angle of 65°, which is surface-sensitive, is lower than that at 0°. This result indicates that these spectra include more information on the upper surface of the layers. However, the peak intensity ratios of O 1s/C 1s and S 2p/C 1s show almost no change even when the take-off angle is changed. This result indicates that S and O do not have a specific distribution in the depth direction, namely, their orientation in alkanethiol layers, although the surface of the zinc-coated steel sheets is so rough that XPS measurement using mirror-polished specimens is required to examine the direction distribution of alkanethiol molecules.
The chemical constituent concentrations determined by XPS narrow spectra of C, S and O in the alkanethiol layers are shown in Fig. 6 . The values for C and S agree with those for alkanethiol molecules within the range of approx. 10%. This result indicates layer formation retaining the constitution of alkanethiol molecules.
Analysis of State
The deconvoluted C 1s and S 2p XPS spectra of C 8 SH and C 16 for specimens treated with various n-alkanethiols and triazinethiols. Fig. 3 . XPS spectra of n-alkanethiol layers on zinc-coated steel sheets (take-off angleϭ0°). 1s XPS spectra for all alkanethiol layers are shown in Table  3 . The peak area ratio of each component of deconvoluted C 1s, S 2p 3/2 and O 1s XPS spectra is shown in Figs. 8(a) , 8(b) and 8(c), respectively. The binding energy in Table 3 was corrected so that the strongest peak of C 1s is 285.0 eV for -C-C-or -C-S-. The peak separation was deconvoluted by using the peak shape having a Gaussian ratio of 85% and under the condition that the peak width at halfheight of each spectrum is constant. As to S 2p spectra, the peak intensity ratio and binding energy space of 2p 3/2 and 2p 1/2 were corrected so as to be equal to those of simple S. According to Table 3 and Fig. 8(a) , Peak A, which is assigned to -C-C-or -C-S-bonding, is 80% occupied by the C 1s peak. Peaks B and C (assigned to C combined with O) are somewhat strong in the C 8 SH and C 16 SH layers. This tendency agrees with the quantitative results for O in these layers, as shown in Fig. 6(a) . According to Table 3 and Fig.  8(b) , Peak A, which is assigned to -C-S-or -S-Zn-bonding, is 100% occupied by the S 2p peak. O 1s spectra are classified into Peaks A, B and C according to the binding energy, as shown in Table 3 . Peak A, with binding energy of approx. 530 eV, is assigned to ZnO and Peak B, with binding energy of 531-532 eV, is assigned to O of the hydroxyl group, etc. The binding energy of Peak C is close to that of -C-O-bonding or adsorption water. The kinetic energy of the Zn LMM Auger peak shown in Fig. 4 is 988.0-988.4 eV, which is close to that of ZnO (987.8-988.6 eV) or ZnS (988.7 eV). According to Table 3 , the presence of ZnO is not recognized by O 1s except in C 12 SH. Thus, it is considered possible that part of S in the alkanethiols combined with metallic Zn directly.
According to the above results and the finding that the constitution ratios of C and O in the layers almost agree with the ratios of these molecules, it is considered that the alkanethiols accumulated on the zinc-coated steel sheets while retaining their molecular structure and then partially combined with other molecules to form the layers.
Triazinethiol Layers
XPS wide-scan spectra of triazinethiol layers measured at a take-off angle of 0°are shown in Fig. 9 . The peak intensity ratios of Zn 2p 3/2 /C 1s, O 1s/C 1s and S 2p/C 1s, which were calculated from the spectra of Fig. 9 , are shown in Fig. 10(a) . The peak intensity ratios for the tri-SH layer, which were calculated from the spectra at a take-off angle of 65°, are also shown in Fig. 10(b) . The chemical constituent concentrations determined by XPS narrow spectra of C, S, N, O, Cl and Na in the triazinethiol layers are shown along with the results for tri-SH raw material powder in Figs. 11(a) and 11(b) . As can be seen in the figures, the photoelectrons of Na and Cl, which do not exist in tri-SH molecules, are present in the tri-SH layer. These elements, which do not exist in tri-SH powder, are possibly contaminated by an external source. The peak intensity ratio of Zn 2p 3/2 /C becomes higher, in the order of triSHϽdi-SHϽmono-SH. Layer thickness is considered to increase in the order of mono-SHϽdi-SHϽtri-SH.
The thickness of the tri-SH layer, which exhibits the highest corrosion resistance, is estimated to be in the order of a few molecules because the peak intensity ratios of Zn 2p 3/2 /C of the tri-SH layer as shown in Fig. 10(a) Table 3 . Assignment of each component of C 1s, S 2p and O 1s XPS spectra for n-alkanethiol layers on zinc-coated steel sheets. © 2011 ISIJ ratio near the middle between that of the C 12 SH and C 16 SH layers, as shown in Fig. 4(a) . According to Figs. 10(a) and 10(b), since the peak intensity ratios show almost no change even with a change in take-off angle, a significant depth direction distribution of an element in the layer likely does not exist. The composition of triazine layers differs greatly from that of triazine molecules. For example, C : N : S of the tri-SH layer is 1 : 1 : 1, respectively, and is close to the ratio of tri-SH powder, as shown in Fig. 11(b) . However, the C ratio is extremely high and the N and S ratios are quite low. This tendency is the same for di-SH and mono-SH layers.
Analysis of State
The peak of C 1s, S 2p, N 1s and O 1s XPS spectra for triazinethiol layers was deconvoluted and assigned respectively. For example, the peak separation results for C 1s, S 2p and N 1s XPS spectra for the tri-SH layer are shown in Fig. 12 . The binding energy and the assignment of each component of deconvoluted C 1s, S 2p, N 1s and O 1s XPS spectra are shown in Table 4 along with the results of the specimen adsorbed on gold foil. The peak area ratio for each component of deconvoluted C 1s, S 2p 3/2 , N 1s and O 1s XPS spectra is shown in Figs. 13(a), 13(b) , 13(c) and 13(d), respectively. The binding energy in Table 4 was corrected so that the strongest peak of C 1s is 285.0 eV for -C-C-. The peak separation method was the same as in the case of alkanethiol layers.
As shown in Table 4 , four peak components (A, B, C and D) are present in the C 1s spectra for all triazinethiol layers. Table 4 . Assignment of each component of C 1s, S 2p, N 1s and O 1s XPS spectra for triazinethiols layer on zinc-coated steel sheets. Fig. 9 . XPS spectra of triazinethiol layers on Zn coated steel sheets (take-off angleϭ0°). Peak D is assigned to C of triazinethiol according to the results for tri-SH powder. Peak A is assigned to -C-C-or -C-S-and Peak B to -C-Nϭ or -C-OH, etc. Peak C is assigned to -CϭN-or -O-C-O-, etc. S 2p spectra are classified into four peak components of Peak A, B, C and D. However, Peak C does not exist in the tri-SH layer. Peak A is assigned to S of the thiol group. This peak also seems to involve the combination of S and metallic Zn. The other peaks are assigned to S combined with O. N 1s spectra are classified into two peak components, A and B, and N of the triazine ring is assigned to Peak B. Peak A is assigned to -C-NHϭ, etc. Since the Zn LMM Auger peak overlaps the Na KLL Auger peak in the case of the tri-SH and di-SH layers, the state of Zn could not be determined from Fig. 8 . On the other hand, since the mono-SH layer was thinner, the Zn LMM Auger peak could be distinguished. Zn is considered to exist as mainly hydroxide Zn(OH) 2 according to the analysis of the Zn LMM Auger peak.
C and N of the tri-SH and di-SH molecules exist in only one state. However, these elements in the thiol layers on the zinc coated steel sheets exist in two or more states, as shown in Table 4 . S in the tri-SH molecule also exists in only one state. However, S in the tri-SH layer on zinc coated steel sheet exists in three states. These results indicate that triazinethiol layers on zinc-coated steel sheets form films where the original structure was partially broken down and new bondings were formed. New bondings states are considered to be -C-C-, -C-NH-, -C-OH-, ϭN-CO-, -S-S-, -S-O-, -O-S-O-and -S-O-S-, etc., as shown in Table 4 . In these bondings, S mainly combined with O and sulfuric acid ions (Peak D of S 2p 3/2 in Table 4) also exists. The S ratio of sulfuric acid ion becomes higher, in the order of tri-SHϽdi-SHϽmono-SH, as shown in Fig.  13(b) . This tendency agrees with the order of O concentration in the layers, as shown in Fig. 11(a) . However, it is not clear if O combined with S is assigned to the oxide or hydroxide of Zn or to O of the atmosphere or moisture.
According to these results, the triazinethiol layers on zinc-coated steel sheets were originally structures composed of triazinethiols that broke down and then combined with other molecules to form new network structures.
Electrochemical Behavior
Alkanethiol Layers
The polarization curves of C 12 SH and C 18 SH layers in 5 wt% Na 2 SO 4 aqueous solution are shown in Fig. 14(a) . Polarization behavior did not differ from that of the specimen without these layers.
Triazinethiol Layers
The polarization curves of triazinethiol layers in 5 wt% Na 2 SO 4 aqueous solution are shown in Fig. 14(b) . The difference between specimens can be seen in the cathodic polarization curves and the cathodic currents near a potential of Ϫ1 200 mV are lower than that of the specimen without these layers. Since the oxygen reduction reaction mainly occurred as a cathodic reaction near this potential, it was likely suppressed by layer formation. In the case of the tri-SH layer, which showed the highest corrosion resistance, the suppression effect on the oxygen reduction reaction was quite remarkable and this cathodic current was approx. 1/10 compared with the specimen without these layers.
Discussion
Alkanethiol Layers
A schematic diagram of the C 18 SH layer is shown in Fig.  15(a) . These layers formed on the zinc coated steel sheets while retaining their molecular structure. The oxygen concentration in these layers is low and sulfuric acid ions do not exist. On the other hand, since these molecules do not show remarkable orientation in the layers and combinations among molecules (network structure) do not exist, it is presumed that these layers do not have high corrosion resistance.
Triazinethiol Layers
The corrosion resistance increases in the order of mono-SH layerϽdi-SH layerϽtri-SH layer. Water repellency is not very high. The characteristics of these layers are compared as follows.
Layer Thickness
Layer thickness increases in the order of mono-SH layerϽdi-SH layerϽtri-SH. The thickness of the tri-SH layer is between that of the C 12 SH and C 18 SH layers.
Oxygen Concentration
Oxygen concentration increases in the order of tri-SH layerϽdi-SH layerϽmono-SH layer and is lower than that in the alkanethiol layers.
Concentration of Sulfuric Acid Ion
Sulfuric acid ion concentration increases in the order of tri-ShϽdi-SHϽmono-SH.
A schematic diagram of the tri-SH layer is shown in Fig.  15(b) . The structure of these layers is partially broken down and new molecular structures such as -S-S-, -S-O-S-or -S-O-Nϭ are formed. Since the number of thiol groups per single molecule is great enough to form high-density network structures, it is likely that the oxygen reduction reaction is inhibited resulting in high corrosion resistance. The low water repellency of these layers is presumably related to high oxygen concentration and the existence of sulfuric acid ions in these layers.
Conclusion
The corrosion resistance and water repellency of alkanethiol and triazinethiol self-assembly super thin layers on zinc-coated steel sheets were investigated. The state and structure of thiol layers were examined by XPS and the corrosion inhibition mechanism of the layers was discussed.
The results were as follows:
(1) The alkanethiol layers with one thiol group per molecule showed high water repellency and poor corrosion resistance, and the triazinethiol layers showed greater suppression of oxygen reduction reaction and higher corrosion resistance with the increase in thiol groups.
(2) The alkanethiols formed layers while retaining their molecular structure and did not exhibit new combinations of molecules. In the case of triazinethiols, the molecular structure was partially broken down and a new network structure was formed through combinations of molecules, although the layer thickness was almost equal to that of the alkanethiols. The results showed good corrosion resistance, which was further improved with the increase in number of thiol groups.
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